A flow injection spectrophotometric method is proposed for the determination of bromoxynil herbicide. Bromoxynil was hydrolyzed with HCl and the resulting product, 3,5-dibromo-4-hydroxyaniline, was diazotized with nitrite and coupled with aniline. The absorbance of the azo dye was measured at 500 nm. The conditions were optimized for diazotization using FIA. The range of linearity was found to be 0.01 to 5 ppm with a molar absorptivity of 1.27 × 10 5 L mol -1 cm -1 . The % recovery for the determination of bromoxynil was found to be 91%. The sampling frequency was 80 samples per hour for FIA. The method is simple, fast, and has been successfully applied to the determination of bromoxynil in commercial formulations and food samples.
Introduction

3,5-Dibromo-4-hydroxybenzonitrile
(bromoxynil) 1 is a selective, contact, pre-emergence herbicide used on a variety of crops in the United States, Canada, and elsewhere. Bromoxynil is a nitrile herbicide used for the post-emergent control of annual broadleaf weeds. The compound works by inhibiting photosynthesis in the target plants. 2 Bromoxynil is a restricted use pesticide (RUP). RUPs may be purchased and used only by certified applicators 3 and is not registered for homeowner use. Bromoxynil is an uncoupler of oxidative phosphorylation 4 and has been detected in rivers draining agricultural watershed. 5 Bromoxynil esters contained in various herbicide formulations are rapidly converted to the phenol in wet lands. 6 The half-life of bromoxynil in soil is generally several days, and biodegradation is the primary mechanism of dissipation. 7, 8 Bromoxynil can be oxidated and decarboxylated to 2,6-dibromophenol when incubated in methanogenic sludge. [9] [10] [11] Bromoxynil degradation by a Flexi bacterium sp. and an isolate of Klebsiella pneumonia subsp. ozaenae has been described previously. [12] [13] [14] In both cases, metabolism was initiated by hydrolysis of the cyano group to the carboxylate. 15, 16 Chromatographic methods are laborious and time consuming, and require sophisticated equipment available in only wellequipped centralized laboratories. 17, 18 Here, we report on a rapid spectrophotometric method for the determination of bromoxynil herbicide. The flow injection version of the method provides a useful way to automate the analytical procedures, and will prove to be very useful in speeding up the determination of bromoxynil in formulations and food samples.
Experimental
Instruments
UV/Visible spectrophotometer (UNICO UV-2100 United Products and Instruments Inc., Dayton, NJ, USA), Digital Analytical Balance (Sartorius handy H51, Germany), peristaltic pump, PTFE tubing (i.d. 1.19 mm, Becton Dickson, USA), silicon tube (i.d. 1.71 mm), V-450 6 port injection valve (Upchurch Scientific Inc., USA). A layout of the system is given in Fig. 1 .
Reagents and chemicals
All chemicals used were of analytical reagent-grade purity. Sodium nitrite, aniline (Merck), concentrated hydrochloric acid (Merck), and ethanol (Merck) were used during this work. The standard reference material (bromoxynil) was purchased from ACROS ORGANICS, Belgium.
Commercial samples containing bromoxynil were purchased commercially from local market.
Solution preparation
i) Nitrite solution: A nitrite solution (0.15%) was prepared by dissolving 0.225 g of sodium nitrite in water and diluted up to 100 mL with distilled water. ii) Aniline solution: An aniline solution (2%) was prepared by dissolving 2 mL of aniline in 70 mL of ethanol and diluting up to 100 mL with water.
iii) Standard bromoxynil solution: A standard bromoxynil solution (1000 ppm) was prepared by dissolving 0.05 g of standard bromoxynil in 50 mL of ethanol in a 50 mL volumetric flask. A 10-mL portion from this stock solution was taken and hydrolyzed with 0.4 M HCl. The resulting solution was 100 ppm in the hydrolyzed product. Through stepwise dilution, 10 and 1 ppm bromoxynil solutions were prepared with distilled water. Similarly, working standards in the range of 1 to 0.01 ppm were prepared by dilution.
Procedure
In case of the batch analysis, from a standard stock solution of bromoxynil (1 ppm), 1 to 3 mL portions were taken in 50 mL volumetric flasks, followed by adding the optimum volume of 0.15% nitrite solution (4 mL) and shaked well. To these solutions, the optimum volume of aniline 2% (6 mL) was added and diluted to 50 mL with distilled water. The absorbance of the resulting orange red-color dyes was measured at 500 nm after 12 min of equilibration using a UNICO UV-2100 spectrophotometer.
For the determination of bromoxynil by the FIA system, in the FI manifolds nitrite solution (0.15%) and aniline (2%) solution was continuously pumped.
A hydrolyzed solution of bromoxynil was injected in a nitrite stream to make the diazonium ion. This diazotized reagent was allowed to mix with a coupling reagent, and the dye was passed through a flow cell of the spectrophotometer and the absorbance was continuously measured at 500 nm.
For the determination of bromoxynil in a commercial formulation, first bromoxynils was separated from MCPA (2-methyl-4-chlorophenoxy acetic acid), which is in a 1:1 ratio in commercial products using cyclohexane. For this, 0.5 mL of the sample was diluted to 20 mL and extracted twice with 10 mL of cyclohexane using a separatory funnel. The extract was then evaporated on a boiling water bath, and the remaining residue was dissolved in ethanol, diluted with distilled water up to the volume and hydrolyzed with 0.4 M hydrochloric acid. The resulting solution was diazotized, and the color was developed in the same way as mentioned before. The absorbance of the colored solutions was measured at 500 nm.
Six replicate readings were taken for each sample. The amount of bromoxynil present in the preparation was determined from the calibration plot using standard curve.
Sample preparation
A 15-g amount of a food sample was taken in a beaker, 50 mL of a solvent (petroleum ether and acetone in 1:1) was added to it for extracting herbicides. This was kept for 2 h with time-totime shaking, and then filtered and evaporated on a rotary evaporator up to a volume of 2 mL. This was further diluted up to 10 mL with ethanol. In the case of FIA, 1 mL from this diluted extracted solution was injected into the reagent stream for diazotization, followed by coupling with aniline; the absorbance was measured at 500 nm. For a batch analysis 5 mL was taken from this diluted extracted solution, and color was developed under the optimum conditions and the absorbance was measured at the optimum wavelength. %Recovery %Recovery tests were carried out on control samples fortified with 1 ppm herbicide. Extraction and determination was done using the same procedure as mentioned before.
Results and Discussion
Optimization studies
The proposed chemical reaction for the hydrolysis of bromoxynil, diazotization and the coupling reaction of the hydrolyzed product are shown in Fig. 2 . Various parameters for standard bromoxynil, like the amount of acid for the hydrolysis of bromoxynil and the nitrite concentration for the diazotization of hydrolyzed bromoxynil, were first optimized for the batch method. For the hydrolysis of bromoxynil, the effect of the HCl concentration was studied in the range of 0.1 to 0.6 M. The maximum hydrolysis was found using a 0.4 M HCl solution. The effect of the nitrite concentration for the diazotization reaction of hydrolyzed bromoxynil was investigated in the range of 0.05 to 0.25%; 0.15% was found to be the optimum concentration. Similarly, the concentration of aniline as a coupling reagent was investigated in the range of 1 to 5%. The maximum coupling was observed using 2% aniline.
The physical parameters for FIA-like reactor lengths (R1, R2), the injected volume, and the flow rate were optimized. The flow rate of the system was 3.5 mL/min. The volume of injected sample was 1 mL. The optimum lengths of the diazotization coil (R1) and the coupling coil (R2) were found to be 120 cm and 165 cm, respectively. Using these tube lengths it was observed that the diazotization and coupling reaction was fast and reproducible under these conditions. The sampling rate was 80 samples per hour. The advantages of the developed FI procedure are a higher sampling rate and a low waste of reagents.
The applicability of Beer's law by the FIA system was checked, and linear relationship was observed for the concentration range 0.01 -5 ppm. The relative standard deviation (RSD) for six runs of 0.01 ppm of bromoxynil was 0.32%. The molar absorptivity was 1.27 × 10 5 L mol -1 cm -1 . The limits of detection and quantification were calculated at lower concentrations, and were found to be 9 ppb and 30 ppb.
Application to real samples
The method was applied to the determination of herbicides in food samples, like wheat and maize. The results are given in Table 1 . As can be seen from food samples were higher in grains than in flour in both cases. This could be due to heat losses during processing. The residue levels were much higher in grains than US EPA MRLs 2004, which are 0.05 ppm and 0.3 ppm for wheat and maize grains, respectively. Percent recovery tests were performed for food samples and formulations. The results are given in Table 2 .
The recovery was good and the results of the batch and FIA methods were comparable. The method was successfully applied to determination the concentration of active ingredients in commercial formulations of bromoxynil. The results indicate the applicability of the method for both real samples of complex nature and formulation.
Conclusion
A new spectrophotometric method was investigated for nitrile herbicides. The method was successfully applied to formulation and food samples. The results of the Batch and FIA method were compared. The method is simple, inexpensive and compatible in sensitivity. The low RSD indicates good reproducibility of the method. The method has an additional advantage of being environmental friendly, because no cleanup procedure is involved. 
